The carcinogen aniline is negative in the Ames Salmonella mutagenicity assay. Aniline does, however, induce intrachromosomal recombination between repeated sequences in Saccharomyces cerevisiae, resulting in deletion (DEL) of intervening sequences. We have investigated whether the generation of oxidative free radical species by aniline and/ or its metabolites may be responsible for its recombinagenic activity in yeast. The toxicity and recombinagenicity of aniline in yeast were greatly reduced in the presence of the free radical scavenger iV-acetyl cysteine. Aniline cytotoxicity was many-fold increased in strains of S.cerevisiae lacking the antioxidant enzyme superoxide dismutase. Aniline also induced oxidation of the intracellular free radical-sensitive reporter compound 2,4-dichlorofluorescin diacetate to its fluorescent derivative 2,4-dichlorofluorescein in vivo in S.cerevisiae. The aniline metabolites 4-aminophenol and 2-aminophenol were significantly more potent inducers of DEL recombination in yeast than aniline. In contrast, the secondary metabolite 4-acetamidophenol (acetaminophen) was non-toxic and non-recombinagenic in yeast. 4-Aminophenol and 2-aminophenol were also significantly more toxic than aniline in a superoxide dismutase deficient yeast strain. 4-aminophenol was a significantly more potent oxidizer of 2,4-dichlorofluorescin diacetate than aniline. The Escherichia coli soxS promoter, which is induced in the presence of redox cycling agents like paraquat, was induced weakly by aniline at toxic doses. The soxS promoter was strongly induced by 4-aminophenol and 2-aminophenol. The results indicate a role for oxidative stress, mediated by generation of superoxide radical, in the toxicity and recombinagenicity of aniline. The increased activity of 4-aminophenol and 2-aminophenol suggests that ring hydroxylation may be an important activating step in this process.
Introduction
Aromatic amines have been recognized as carcinogens since 1895 when Rehn described the high incidence of bladder cancer in dye industry workers as 'aniline cancer' (Rehn, 1895) . The term aniline cancer is now discarded. The subjects in Rehn's study were likely exposed to complex mixtures of compounds, several of which are now recognized as potent carcinogens, including o-toluidine, 4-aminobiphenyl and naphthylamine. The hydrochloride salt of aniline induces cancers in both sexes of the rat in long-term carcinogenicity studies (Gold et al, 1993) .
Aniline is consistently negative in the Ames Salmonella mutagenicity assay. Positive results have, however, been reported for aniline for the induction of micronuclei in mouse bone marrow (Westmoreland and Gatehouse, 1991; Ashby et al., 1991) and chromosomal aberrations in Chinese hamster fibroblast cells (Ishidate, 1983) . Weak positive results are reported for aniline in the mouse lymphoma assay (Amacher et al., 1980) and for die induction of sister chromatid exchanges in vivo in mouse bone marrow (Parodi et al., 1982) , in rat RL4 cells (Cunningham and Ringrose, 1983) and in Chinese hamster DON cells (Abe and Sasaki, 1977) . Overall however, evidence for aniline's mutagenicity is limited (Jackson et al., 1993) . Other aromatic amine carcinogens such as o-toluidine and o-anisidine, which are structurally closely related to aniline, are also negative or difficult to detect in the Ames test and other short-term tests (Danford, 1991; Ashby et al., 1992) . The mechanism of action of the aromatic amine carcinogens remains poorly understood.
Genetic recombination in mammalian somatic cells may be important in multistage carcinogenesis (Ramel, 1989; Meyn, 1993) . A system screening for recombination between two his3A alleles (his3A3 ', his3A5') , each containing 400 bp of homology to the other allele, has been constructed in Saccharomyces cerevisiae by disruptive integration of a plasmid containing an internal fragment of the HIS3 gene into the HIS3 locus. Homologous recombination between the two his3A alleles results in the deletion (DEL) of intervening sequences to give a functional HIS3 gene. DEL recombination has been shown to be inducible by a wide range of carcinogens including many carcinogens which are not detected by the Salmonella test or by other short-term tests (Schiestl, 1989; Schiestl et al, 1989; Carls and Schiestl, 1994) . Similar assays for deletions at the pink-eyed dilution locus in mouse and at the HPRT locus in a human cell line have shown inducibility by X-rays and a variety of Salmonella test positive and negative carcinogens (Schiestl et al, 1994; Schiestl et al, 1997; Aubrecht et al, 1995) .
Aniline induces DEL recombination in yeast with a nonlinear dose response, showing a threshold dose below which little or no induced recombination is observed. Recombination occurs only at toxic doses, but is not an artefact of toxicity (Schiestl, 1989; Schiestl et al, 1989) . We have previously shown that a similar dose response is observed with the oxidative mutagens cumene hydroperoxide and phenyl hydrazine (Brennan et al, 1994) . Both phenyl hydrazine and cumene hydroperoxide generate free radicals in vivo (Sinha, 1983; Athar et al, 1989) .
A growing body of evidence points towards oxygen free radicals being involved in carcinogenesis and a wide variety of degenerative diseases (Ames, 1989; Joenje, 1989; Ames and Gold, 1991) . Living cells have developed a variety of protective mechanisms against oxidative damage, including the protective enzymes superoxide dismutase and catalase, and chemical antioxidants such as vitamins A, C and E, and glutathione. Oxidative damage may become a threat under conditions of oxidative stress, where defence and repair mechanisms are defective or are overwhelmed by excessive generation of reactive oxygen species. We therefore investigated whether aniline, or the products of aniline metabolism, generated free radicals in S.cerevisiae which may be responsible for aniline's toxicity and recombinagenic activity. We show here, using a variety of assays, that aniline does indeed generate free radicals in S.cerevisiae and that the ringhydroxylated derivatives 2-aminophenol (2-AP) and 4-aminophenol (4-AP) are both more potent recombinagens in the DEL recombination assay, and induce higher levels of free radical species in yeast, and in bacteria, than aniline itself.
Materials and methods

Strains and media
The diploid S.cerevisiae , and the haploid strains . and EG133 (EGI03 with S0D1-URA3 SOD2::TRP1) were used.
YPAD and synthetic media (SC, SC-LEU, SC-H15) were as previously described (Brennan et al. 1994) .
The Escherichia coli strains TN530 soxRS + XtysoxS'rlacZ) and TN531 AsoxRS \&{soxS'rlacZ) (Nunoshiba el al., 1993) , generous gifts from Elena Hidalgo and Bruce Demple, containing the lacZ gene under the control of the soxS promoter were also used LB medium (1% tryptone. 0.5% yeast extract. 1 % NaCl) was used for all experiments with these strains.
Recombination assay
A culture of RSI 12, grown overnight in SC-LEU medium was subcultured into fresh SC-LEU medium, at a concentration of 2X10 6 cells/ml, in 15 ml disposable plastic centrifuge tubes, to a final volume of 5 ml. N-acety\ cysteine (NAC, where used) was added from a fresh 0.5 M stock in SC-LEU medium to a final concentration of 20 mM, and the cells incubated for 30 min (30°C, 250 rp.m.) to allow uptake of the antioxidant. Test chemicals were added at the appropriate concentrations either directly or from stock solutions in SC-LEU medium Cells were treated for 17 h (30°C, 250 r.p.m ) and thereafter washed twice, resuspended in 1-5 ml sterile distilled water, counted and plated to estimate survival and DEL recombination frequencies as previously described (Brennan et al, 1994) . Where a heavy, insoluble precipitate formed following overnight treatment with a chemical, the precipitate was removed following the first wash by filtration through a sterile tissue (Kimwipe)
Comparative sensitivities of SOD* and sod~ strains
Cells from overnight cultures in YPAD were subcultured into 5 ml fresh YPAD at a concentration of 2X10 6 cells/ml in the presence of appropriate concentrations of test chemicals. Subcultures were incubated 17 h (30°C. 250 rp.m.). washed twice in sterile distilled water, counted on a haemocytometer and then diluted and plated on YPAD plates to determine the fraction of surviving cells.
Fluorescence assays
Overnight cultures of RSI 12 in either YPAD or SC-LEU were subcultured into 10 ml fresh medium at a concentration of 0 5X 10 7 cells/ml and incubated at 30°C. 250 r.p m for 2 h Dichlorofluorescin diacetate (DCFHDA) was added from a fresh 5 mM stock in EtOH to a final concentration of 10 U. M and incubation continued for 15 min to allow uptake and deacetylauon of the dye. Test chemical was added at appropriate concentrations and incubation continued Samples of I 5 ml were removed at intervals, pelleted in a microcentrifuge (1 min. 13 000 g). washed twice in sterile distilled water and resuspended in 1.5 ml 50 mM Tris-CI buffer (pH 7.5) An aliquot of 500 U. I was removed for measurement of survival To the remainder. 2 drops of chloroform and 1 drop of a 0.1 <S sodium dodccyl sulphate (SDS) solution were added, the tubes agitated vigorously for 20 s and left to stand for 10 min to allow the dye to diffuse into the buffer. Cells were pelleted in a microcentrifuge and the fluorescence of the supernatant measured using a Perkm-Elmer SPEX fluorimeter (EX 502 nm. EM 521 nm)
Experiments using the wxS' ..lacZ fusion Overnight cultures in LB of E.coli strains TN53O or TN531. containing the soxS'::lacZ construct, were subcultured 1/100 into 5fl ml fresh LB in a 250 ml flask and incubated at V'C with vigorous shaking until an OD rr of 0 1 was reached Aliquots of 5 ml of the cultures were removed into fresh sterile 250 ml flasks, test chemical added at the appropriate concentrations and incubation continued for a further 90 min with shaking. Cultures were assayed for (5-galactosidase activity using the method of Miller (1992) Results Table I shows the results of DEL recombination assays on aniline, 2-AP, 4-AP and 4-acetamidophenol, performed in the yeast strain RSI 12 which contains the DEL recombination construct. As previously reported (Schiestl, 1989; Schiestl et al., 1989) , aniline induces recombination with a non-linear, threshold-dependent dose response. A maximum recombination frequency of 25-fold over the untreated control was observed with aniline at 12 mg/ml, the highest dose used. In the presence of 20 mM A/-acetyl cysteine (NAC), a potent scavenger of hydroxyl free radical (OH) (Aruoma et al., 1989) , the cytotoxicity of aniline and DEL recombination induced by aniline were significantly reduced (Figure la) . In comparison, toxicity and recombination induced by the mutagen ethyl methane sulphonate (EMS) were unaffected by NAC (Figure lb) . At 12 mg/ml aniline, survival in the presence of NAC was 90-fold greater than in its absence and recombination was induced only 2.9-fold over control.
Both 2-AP and 4-AP, primary products of aniline metabolism in mammals, were strongly positive in the DEL recombination assay (Table I) . Recombination was induced 96-fold by 2-AP at a dose of 5 mg/ml and 82-fold by 4-AP at a dose of 6 mg/ ml. Again, DEL recombination was induced with a non-linear dose response.
4-Acetamidophenol (acetaminophen), a secondary product of aniline metabolism and a widely used analgesic drug, was negative in the DEL assay at the highest soluble dose (19.6 mg/ml) ( Table I ). 4-acetamidophenol was also non-toxic to the yeast strain at this dose.
Yeast strains with lower capacities for the detoxification of oxygen radicals may be expected to show higher sensitivities towards chemicals which exert their toxic effects via the action of active oxygen species. The enzyme superoxide dismutase (SOD) catalyses the dismutation of superoxide radical (O 2~) to hydrogen peroxide and O2. Yeast contains two types of SOD, a cytosolic, Cu,Zn-containing variant and a Mn-containing variant present in the mitochondria, encoded by the genes SOD1 and SOD2 respectively (Gralla and Valentine, 1991) . Figure 2 shows survival curves for the strains EG 103 (SOD*) and EG 133 (sod!A, sod2A) in the presence of aniline, 2-AP, 4-AP and EMS. Aniline showed up to a 1000-fold increase in toxicity to the SOD lacking strain compared to the SOD wild-type strain. In comparison, both 2-AP and 4-AP showed dramatically increased differential toxicities, with differences in survival between the two strains, at the same doses, of up to 4 orders of magnitude. The mutagen EMS, in contrast, elicited a maximum difference in survival of 35-fold between the strains.
Growing yeast cells take up the compound DCFHDA into the cytosol by passive diffusion, where it is deacetylated by cellular esterases to dichlorofluorescin (DCFH) which is trapped within the cell (Yurkow and McKenzie, 1993) . Once deacetylated, DCFH becomes susceptible to attack by free radical species which results in the oxidation of DCFH to the highly fluorescent compound dichlorofluorescein. Figure 3 shows the fluorescence of extracts from growing cells treated with 10 |iM DCFHDA and incubated for 90 min in the presence of aniline. 4-AP. 4-acetamidophenol and EMS. Cultures treated with aniline showed a maximum 6.7-fold increase in fluorescence. The dose response showed a threshold for the induction of fluorescence similar to that observed in DEL recombination assays, 4 mg/ml in this case. The maximum induced fluorescence occurred at a dose of 10-12 mg/ml aniline, a dose which also induced a significant amount of DEL recombination in recombination assays (Table I) . The aniline metabolite 4-AP was a more potent inducer of fluorescence than aniline (Figure 3) . Fluorescence was induced up to 13.2-fold at a dose of 6 mg/ml. In the case of 4-AP, no clear threshold for the induced fluorescence was observed. Again the doses which induced large increases in fluorescence were the same as those which induced DEL recombination in recombination assays (Table I ). The secondary aniline metabolite 4-acetamidophenol, which was neither toxic nor recombi- To check that the induction of the so.xS promoter by aniline, 2-AP and 4-AP was SoxR-dependent, we repeated the above experiments using the strain TN531, isogenic to TN530 except for a deletion of the entire genomic soxRS locus. In the absence of soxR, no induction of the soxS promoter was observed by 2-AP, 4-AP or by the positive control paraquat (Table II) indicating that the induction in TN530 was specific. The weak increase in p-galactosidase activity in TN530 in the presence of aniline at 4 mg/ml might have been due to a dilution of pgalactosidase activity in the rapidly dividing negative control cells. This dilution would not occur in the non-dividing, aniline treated cells, and thus may lead to an artificially elevated level when non-dividing cells are compared to dividing controls (T .Nunoshiba, personal communication) . The AsoxRS strain, however, also did not divide in the presence of aniline and there was an increase in p-galactosidase activity of only 2.2-and 1.5-fold at 3 and 4 mg/ml respectively, compared to increases of 2.6-and 4.2-fold at the same doses in the soxRS + strain. This suggests that the weak induction of soxS by aniline is real. nagenic in DEL recombination assays (Table I) did not induce any increase in fluorescence at doses up to 20 mg/ml. The Ames test mutagen and carcinogen EMS induced only minor (< 1.6-fold) increases in fluorescence at doses as much as four times higher than those which gave positive results in the DEL recombination assay (Figure lb ; Schiestl, 1989; Schiestl et al., 1989) .
We wanted to gain more insight into the particular free radical species generated in response to aniline exposure. To address this question we employed a strain of E.coli containing a construct in which the soxS promoter sequences were fused to a lacZ reporter gene. In E.coli, the soxRS regulon controls an induced defensive response against superoxide radicals generated by redox cycling agents such as paraquat (Nunoshiba et al., 1992) . The soxS protein is a transcriptional regulator of a number of genes involved in the induced response of E.coli to oxidative stress. Transcription of the soxS gene is upregulated in response to oxidative stress. This upregulation is dependent upon the presence of SoxR which acts as a redox sensor and a transcriptional regulator of soxS (Hidalgo and Demple, 1994 ) Similar constructs to the one used in this study have shown increases in P-galactosidase activity in response to treatment with paraquat and other redox cycling agents, but were insensitive to other oxidants, including hydrogen peroxide and organic hydroperoxides, indicating that they respond preferentially to oxidative stress caused by superoxide (Nunoshiba et al., 1992) .
Aniline was a weak inducer of the soxS promoter (Table  II) . A 4.2-fold increase in P-galactosidase activity was observed following exposure of the E.coli strain TN53O to 4 mg/ml aniline. Cell division over the course of the experiment was completely inhibited at this concentration. The metabolite 2AP was a significantly more powerful inducer of soxS, a maximum increase in P-galactosidase activity of 12-fold was observed at a dose of I mg/ml 2-AP. Similarly, an increase in pgalactosidase activity of 11-fold was observed with 1 mg/ml 4-AP. At these concentrations, neither 2-AP nor 4-AP inhibited cell division to any significant degree. The well known redox cycling agent paraquat was used as a positive control for the induction of the soxS promoter by Oi and induced a 30-fold increase in P-galactosidase activity at a concentration of 50 (iM.
Discussion
We have shown that the carcinogen aniline, and its metabolites 2-AP and 4-AP induce intrachromosomal (DEL) recombination in S.cerevisiae, and that the toxicity and recombinagenicity of these compounds is associated with the generation of free radicals within the cell.
The free radical scavenger NAC protects against toxicity and recombination induced by aniline. This protective effect may be due to the scavenging by NAC of free radicals generated by aniline, but there are other potential explanations. NAC may act indirectly by raising intracellular glutathione levels (Aruoma et al., 1989) , aniline is a known depleter of cellular glutathione pools (Aikawa et al., 1978) . Alternatively there may be a direct reaction of NAC with the carcinogen.
Mutant strains of S.cerevisiae deficient in superoxide dismutase, which catalyses the dismutation of O 2~ to H7O2 and O 2 , are hyper-sensitive to aniline, 2-AP and 4-AP-induced cell killing. The greatly increased sensitivity of the mutant strain to aniline and its metabolites is a specific effect, there is a much smaller increase in sensitivity towards killing by EMS. Slight increases in sensitivity towards non-oxidizing cytotoxic agents have previously been reported for superoxide dismutase deficient yeast strains grown aerobically (Gralla and Valentine, 1991) . The small difference in sensitivity to EMS might be due to sod~ strains suffering from a higher spontaneous burden of oxidative DNA damage, which may have to be repaired by DNA repair pathways also involved in repairing the EMS damage. The striking differences in survival seen for aniline and the metabolites 2-AP and 4-AP indicate a specific increase in the oxidative burden and suggest a role for Oi~ in the toxicity of these compounds.
The increased fluorescence of extracts from cells exposed to aniline and 4-AP in the presence of the free radical-sensitive reporter compound DCFHDA indicates that there are increases in the intracellular flux of free radicals following exposure to the compounds. The oxidation of dichlorofluorescin may be mediated by a number of oxidants (Royal and Ischiropoulos. 1993) . The particular species responsible for oxidation following treatment with the aromatic amines is unclear. The lack of increases in fluorescence with the non-recombinagenic metabolite 4-acetamidophenol suggest that increases in intracellular free radical flux are associated with toxicity and recombination induced by aniline and 4-AP. The mutagenic carcinogen EMS also failed to induce large increases in fluorescence, indicating that the fluorescence induced by aniline and 4-AP was not an artefact of xenobiotic-induced toxicity.
As well as generating free radicals in yeast, aniline was a weak inducer of the E.coli promoter soxS, as shown by an increase in p-galactosidase activity following exposure to aniline of a strain containing the soxS'::lacZ fusion construct. This suggests that exposure of E.coli to aniline results in the generation of O 2~. The soxRS regulon is an important part of the cell's inducible defence system against O 2~. 2-AP and 4-AP were significantly more potent inducers of soxS than aniline.
The greater potency of the ring-hydroxylated derivatives in the bacterial assay, as well as in the killing of SOD-deficient yeast strains, the induction DCF fluorescence (4-AP) and the induction of DEL recombination, suggests that metabolic ring hydroxylation of aniline promotes the generation of O 2~ and enhances its genotoxicity. Acetylation of 4-AP to 4-acetamidophenol would appear to be a detoxifying step as 4-acetamidophenol was neither toxic nor recombinagenic in our recombination assay, nor did it promote the oxidation of DCFH. We have not, however, measured the relative levels of uptake of the aniline derivatives by yeast or bacteria in comparison to the parent compound, and it is also possible that differences in bioavailability may contribute to the observed differences in free radical generation and toxicity.
4-AP autooxidizes in the presence of molecular oxygen to form the 4-aminophenoxy free radical and O 2~ (Iwahashi et al, 1988) . Redox cycling of oxidized glutathione-4-AP conjugates has also been proposed as a possible mechanism for 4-AP renal toxicity (Fowler et al., 1991) . Aminophenols may also be substrates for peroxidase-H 2 O2 enzyme systems, generating thiyl radicals and glutathione disulphide in the presence of glutathione, and leading to the formation of O 2~ and H 2 O 2 (Subrahmanyam et al., 1987) .
Oxidative stress is mutagenic (Imlay and Linn, 1988; Saul and Ames, 1986) . If the recombinagenic activities of aniline and its metabolites are due to the induction of oxidative stress via the generation of free radicals, then they ought to be positive in the Salmonella assay. 2-AP is, in fact, weakly mutagenic to strain TA97 (DeFlora et al., 1984) . Aniline and 4-AP are, however, negative in all strains. This may be because oxidative stress also induces DNA strand breaks. DNA strand breaks are cytotoxic. Considering the protocol for the Ames Salmonella assay, the more cytotoxic a chemical in comparison to its mutagenic activity, the less likely it is to be detected by the Salmonella assay. For instance, paraquat is a powerful oxidant in bacteria but is difficult to detect as mutagenic in the Ames test due to its high toxicity. Furthermore, DNA strand breaks may lead to an increase in forward mutations or deletions but not to an increase in reversions as measured by the Salmonella assay. Agents that cause DNA strand breaks like X-rays, MMS (Schiestl et al., 1989) or oxidative mutagens, including paraquat, (Brennan and Schiestl, 1994) are, however, powerful inducers of DEL recombination. The DEL recombination assay therefore detects these agents more efficiently than the Ames assay.
